Exogenous polyribonucleotides stimulated the ribonucleic acid (RNA) transcriptase in Sendai virions. Added yeast RNA, polyadenylic acid, or polycytidylic acid increased incorporation of 3H-guanosine monophosphate as much as fivefold. The products of stimulated reactions were virus-specific as determined by hybridization with Sendai virion RNA, but they sedimented more slowly (13s) than the product of an unstimulated reaction (16s). The stimulating activity was nondialyzable and heat stable, but was abolished by alkaline hydrolysis. Nucleoside monophosphates, individually or in combination, were ineffective, confirming the requirement for a polymer. Among other substances tested for effects on Sendai virion transcriptase, polyaspartic acid and polyglutamic acid stimulated the enzyme; polyinosinic acid, polyuridylic acid, and polyamines had no effect; and dextran sulfate and polyvinyl sulfate were inhibitory.
In attempting to purify the ribonucleic acid (RNA) transcriptase in Sendai virions (20, 23) , we found that addition of certain polyribonucleotides and polyamino acids stimulated the crude enzyme. This phenomenon seemed worthy of further study, since it might help explain why the Sendai virion transcriptase is less active than Newcastle disease virus or vesicular stomatitis virus virion transcriptases (1, 14) , and a more active enzyme might be easier to study. Our interest was further aroused by the finding that other polyribonucleotides were inactive, indicating a structural specificity which might have biological significance.
MATERIAL AND METEKDS Virus. The Sendai virus used in these experiments was plaque purified from the Enders strain and was free from incomplete virions (16) . Virus was grown in embryonated eggs at 30 C, and was purified by sedimentation in sucrose gradients (23) . Only virions sedimenting at 1,000s were used. Viral protein was measured by the Lowry (18) method, with bovine serum albumin as standard.
RNA extraction, rate zonal centrifugation, RNA hybridization, and radioactivity determination. These methods have all been described before (15, 16) .
Assay of virion RNA polymerase. Sendai virion RNA polymerase was assayed as described previously (23) except that the temperature was changed to 24 C. In our earlier study (23) , a temperature optimum of 28 C was determined after 90 min of incubation. When reactions were run for 4 hr or longer, more extensive RNA synthesis was observed at 24 C than at 28 C.
Materials. All materials for the RNA polymerase assay have been reported (23) . "2P-a-guanosine-5'-triphosphate (GTP; 3.9 Ci/mmole) was purchased from International Chemical and Nuclear Corp. Deuterium oxide (99 mole %) was obtained from BioRad Laboratories. Yeast RNA (A grade) and salmon sperm deoxyribonucleic acid (DNA) (A grade) were products of Calbiochem. Polyadenylic acid (poly A), polycytidylic acid (poly C), polyguanylic acid (poly G), polyinosinic acid (poly I), and polyuridylic acid (poly U) were obtained from Miles Laboratories. According to the manufacturer, these ribopolymers had molecular weights greater than 106. Sodium dextran sulfate "500" was supplied by Pharmacia. Adenosine-5'-monophosphate (AMP), cytidine-5'-monophosphate (CMP), guanosine-5-monophosphate (GMP), uridine-5'-monophosphate (UMP), aspartic acid, glutamic acid, poly-L-aspartic acid (type I, molecular weight about 27,000), and poly-Lglutamic acid (grade III, molecular weight about 103,000) were purchased from Sigma Chemical Co. All compounds were prepared at 3 mg per ml of distilled water except when the pH fell outside the 7 to 8 range, in which case it was adjusted to 7.5 with tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer. greater than 0.08% (H. 0. Stone and D. W. Kingsbury, unpublished data). This inhibition could reflect dissociation of the enzyme from the template. In fact, even at optimal detergent concentration, much of the enzyme might be dissociated from the template, accounting for the low activity of Sendai virion transcriptase (20, 23) .
To test for unbound RNA polymerase, 3 jg of purified 50s Sendai virion RNA per ml was added to reaction mixtures containing Sendai virions at the optimal detergent concentration of 0.08%. Addition of the RNA resulted in a twofold increase in the amount of 3H-GMP incorporated. The increased incorporation was into virus-specific RNA as determined by hybridization of the product with Sendai virion RNA. However, the addition of 30 ,ug of yeast RNA per ml to the reaction (a control in the above experiment) increased incorporation of 3H-GMP fivefold ( 24 jg of Sendai protein, 0.54 nmole of 9H-GTP (1.4 Ci/mmole), and the indicated additions were incubated at 24 C for 5 hr. The reactions were terminated, and 3H-GMP incorporated into acidinsoluble product was measured. A complete mixture with virions which was incubated at 4 C contained 41 counts/min, and this value was subtracted from each experimental value.
A reaction mixture which received no polyribonucleotide incorporated 437 counts/min over background. This represents about 0.1% of the labeled precursor. Assuming all four nucleotides were present equally in the product, this amount of product was about 5% of the mass of template RNA.
The stimulating activity of yeast RNA was not lost upon dialysis or heat denaturation, indicating that it was not a contaminating lowmolecular-weight component and that a doublehelical structure in the RNA was not involved. When individual mononucleotides were added to a reaction, either individually or together, no increased incorporation was observed, suggesting that an intact RNA molecule is required (Table 2) . This was confirmed when the stimulating activity was progressively abolished as the RNA was depolymerized by alkaline hydrolysis ( Table 2 ). We calculate that there is one phosphodiester bond scission per 6 x 103 nucleotides every 10 sec in 0.3 N KOH at 23 C (6). Therefore, 6 min of hydrolysis should reduce an RNA of molecular weight 3 x 105 to about 1/8 its original size, and 1 hr of hydrolysis should reduce it to about 1/64, while hydrolysis for 16 hr will produce mononucleotides. Hydrolysis did not produce inhibitors which masked the stimulating activity, since RNA hydrolyzed for 1 hr did not interfere with stimulation by 30 ,ug of yeast RNA per ml. Similar results were obtained with poly A. We conclude that a ribopolymer is the source of the stimulating activity.
Association of stimulated activity with Sendai virions. Isopycnic centrifugation in sucrose gradients was used to examine the association of the stimulated polymerase activity with Sendai virions. The distribution of purified virus in the gradient was determined by ultraviolet absorption (Fig. 1) . Each gradient frac- 23 and Fig. 3, fraction 8 ). There was an additional peak, mostly ribonucleaseresistant, in the 50s region (reference 23 and Fig. 3, fraction 26) . These results suggested that the 16s RNA was synthesized on 50s RNA template in a partially double-stranded form and then released as single-stranded RNA product (23) .
The major product of a stimulated reaction sedimented at 12 to 14s (Fig. 3, fractions 6 Table 2 . Three polyamines-spermine, cadaverine, and putrescine-had no effect on the enzyme at concentrations up to 30 Mg/ ml. Two polyamino acids, polyaspartic acid and polyglutamic acid, stimulated the Sendai virion transcriptase (Table 5 ), but aspartic acid or glutamic acid did not. Again, a polymer was required for stimulation. DNA was as effective as poly A and poly C in stimulating RNA synthesis. Not all polyanions stimulated the reaction, since dextran sulfate and polyvinyl sulfate were inhibitory, whereas poly I, poly G, and poly U had negligible effect (Table 5) . DIS43JSSION We have shown that certain polyanions stimulate the synthesis of virus-specific RNA by Sendai virion RNA polymerase. The addition of polyanions to polymerase reactions may facilitate studies on other viruses with low activity, just as the addition of ammonium sulfate has aided studies on animal cell polymerases (5, 11) and on reovirus polymerase (12, 13) .
Numerous compounds have been reported to stimulate nucleic acid synthesis in several different cell-free systems (2-5, 9, 10, 13, 17, 19, 21, 22) . Stimulation has generally been observed only in crude enzyme preparations and not in purified preparations. Most compounds which have produced stimulation fall into the following categories: salts, polyamines, and polyanions.
Ammonium sulfate stimulated the synthesis of reovirus-specific RNA in vitro by an enzyme from infected cells (12, 13) . Crude preparations of mammalian DNA-dependent RNA polym- (22) . The enzyme could not release its RNA product in vitro at low ionic strength, and elevating the salt concentration permitted the release of RNA strands in a way that enabled the enzyme to initiate the synthesis of new RNA molecules (19) . Increasing the salt concentration in the Sendai virion transcriptase reaction reduced the amount of RNA synthesized. In contrast to the E. coli system in low salt, the normal Sendai virion reaction did not terminate in the absence of polynucleotides (Fig. 2) . Thus, stimulation of Sendai virion transcriptase by polynucleotides does not appear to be a salt effect and apparently does not involve reinitiation of transcription.
Polyamines, such as cadaverine and putrescine, stimulated E. coli DNA polymerase when the template was pea embryo nucleohistone but inhibited DNA synthesis when purified pea embryo DNA was added as template (21) . Putrescine, spermine, and spermidine stimulated the DNA-dependent RNA polymerase from Micrococcus lysodeikticus using T7 DNA as template (8) . Spermine, cadaverine, and putrescine had no effect on the Sendai virion enzyme.
Polyanions, synthetic and natural, including several kinds of RNA, stimulated nucleic acid synthesis in systems with chromatin or nuclei as template (2-5, 10, 17) . These stimulations scern to involve exposure of DNA template sites by complexing between polyanions and basic proteins. Two observations argue against an analagous mechanism for stimulation of Sendai virion transcriptase. (i) There was no increase in template-product complexes in a stimulated reaction (Fig. 3) The Sendai virion transcriptase was stimulated by yeast RNA, poly A, poly C, DNA, polyaspartic acid, and polyglutamic acid. Poly U, poly G, and poly I had little, if any, effect on the reaction, and dextran sulfate and polyvinyl sulfate were inhibitory. Clearly, as in other systems (3, 4, 10, 17) , there are specific stereochemical requirements for stimulation.
In some systems, polyribonucleotides inhibited nucleic acid synthesis (8, 24) . This seems to involve competition for a template site on the enzyme, and the ease with which inhibition can be achieved may reflect the affinity of the enzyme for the template (8) . Apparently, the reverse transcriptase of oncornaviruses is weakly bound to its RNA template, since it is readily templated by heterologous polyribonucleotides or inhibited by them (24 We are left with polyanions acting on the virion transcriptase itself as the most probable explanation of our findings. Since, as discussed above, there does not appear to be increased initiation, the stimulation probably represents increased rates of nucleotide polymerization.
